Flower abscission: environmental control, internal regulation and physiological responses of plants  by Ascough, G.D. et al.
South African Journal of Botany 2005, 71(3&4): 287–301
Printed in South Africa — All rights reserved
Copyright © NISC Pty Ltd
SOUTH AFRICAN JOURNAL
OF BOTANY
EISSN 1727–9321
Introduction
Abscission has been defined as the process regulating the
detachment of organs from the main body of the plant
(Patterson and Bleecker 2004). It is thus a natural feature
of plant development and includes loss of leaves, petals,
sepals, stamens, style, entire flowers, inflorescences and
fruit. Abscission, like any other process occurring in plants,
is a strictly regulated sequence of events that takes place
in response to the current conditions with which the plant
is faced. For example, leaves of perennial trees are shed
during autumn in response to environmental cues that herald
the approaching winter. Flowers, fruit and leaves often
abscise in response to wounding or pathogen invasion. Floral
parts are ‘discarded’ by the plant following pollination, since
their function of luring pollinators has been served. In
contrast, senescence relates to the controlled death of an
organ or entire plant, such that many of the building blocks
(such as proteins, carbohydrates and lipids) are conserved
by exportation to other parts of the plant (Thomas et al.
2003). While these two processes are often associated, there
are a number of cases where abscission occurs in the
absence of senescence and vice versa (Webster 1973).
Abscission zones are the specific sites from where an 
organ or part thereof will be shed once the correct develop- 
mental and/or environmental signals are perceived. These
zones are often morphologically distinguishable areas that
develop well before the abscission process is initiated (see
Roberts et al. 2000 for review). Abscission zones located
at the base of the pedicel may have at least two means
of internal regulation — they may be activated during the
flowering phase, or when the fruit are mature and ready to
be shed. Since it is the same abscission zone that may
abscise at either of the two circumstances, the same enzy-
mes and signal transduction pathways must presumably
operate, but be under different internal control.
Some excellent reviews have covered various aspects
relating to the abscission process, including the cellular
biology of abscission (Sexton and Roberts 1982), the role of
ethylene (Brown 1997), abscission-related signals (Taylor and
Whitelaw 2001), fruitlet abscission (Bonghi et al. 2000) and
general cell separation processes (Gonzalez-Carranza et al.
1998, Roberts et al. 2000, Roberts et al. 2002, Jarvis et al.
2003). Since it has been some time since a review focussing
on flower abscission has been published (Van Doorn and
Stead 1997), and in light of the many new developments in
this field of late, we felt it necessary to consolidate those
findings pertaining specifically to flower abscission.
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Many aspects of the abscission process have been
reviewed in the past and it has been some time since
a review on flower abscission has been published.
Recent advances in this field thus permit a consolidation
of the current research. The flowering syndrome in
plants is an intricate and complex process that ensures
survival of the species. As such, it is a strictly controlled
and tightly regulated series of developmental events,
the success of which is a major priority. Abscission of
flowers and floral organs is an important part of the
reproductive cycle, that is similarly under exact direc-
tion. Flowers may be shed in response to an internal
or genetic timing mechanism as well as external factors
such as environmental stimuli, pathogen attack and
pollination. These cues are processed and converted
into physiological responses that include alteration in
hormone production, induction and repression of speci-
fic signal transduction pathways, activation of existing
enzymes and transcription of new proteins. While much
progress has been made in identifying components of
abscission using mutants and molecular biological
approaches, many gaps remain in our understanding,
especially in terms of considering abscission and its
related events in the light of energy (carbohydrate)
supply and demand.
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External (environmental) Factors Causing Flower
Abscission
In a review of this nature, it is difficult to treat each aspect
in the abscission process separately, since cause and effect
are intimately linked. All areas of plant growth and deve-
lopment are influenced or controlled in part by the environ-
mental conditions the plant is growing under. Fluctuating or
unfavourable environmental conditions are perceived, and
a change in the physiological status occurs. This brings
about a response that includes activation of existing
enzymes, alteration of gene expression and changes in
energy utilisation. Examples of external factors include light,
temperature, relative humidity, water supply, nutrient
availability, pollination and pathogen attack.
In the horticultural industry, flower drop is a major problem,
causing quality and yield losses of cut and potted flowering
plants during handling and retail display. In addition, flower
drop poses economic problems in flowering plants that have
horticultural importance, such as tomatoes, mung bean,
grapevine, peppers, cocoa and olives (Rapoport and Rallo
1991, Aloni et al. 1996, Aneja et al. 1999, Lebon et al. 2004).
Examples of flower drop in potted flowers include snap-
dragon, Begonia, bud drop in roses, calceolaria, geranium,
corolla abscission of Streptocarpus hybridus and bracteole
drop in bougainvillea (Halevy and Kofranek 1976, Cameron
et al. 1981, Agnew et al. 1985, Gago et al. 2001).
In potted and cut flowers, most flower drop occurs during
long-distance transport. This is due to stressful environ-
mental conditions such as temperature, low humidity, low
light, water stress, exposure to ethylene, ozone, incorrect
packaging, high humidity and vibration (Halevy and Kofranek
1976, Cameron et al. 1981, Høyer 1985, Lebon et al. 2004).
Flowers that are characterised as climacteric are affected
more by external factors than are non-climacteric flowers.
Non-climacteric flowers are less affected by exogenous ethy-
lene or do not show a peak in ethylene production and
associated respiratory activity. Production practices can have
significant impacts on the longevity of different plant species
(Staby and Kofranek 1979, Serek 1990).
Longevity of flowers is generally shorter than that of
leaves (Halevy et al. 1984). Flowers can be divided into
distinct groups, depending on the cause for the termination
of their lifespan: (1) those showing a gradual change in
composition of corolla with age, loss of turgor, and finally
wilting and (2) those in which the life of the flower is
terminated by the abscission of the corolla, when it is still
fully turgid (Halevy et al. 1984). In both groups, ethylene
production and senescence or abscission are accelerated
in pollinated flowers (Halevy et al. 1984). Flower shrivelling
and abscission are considered as symptoms of flower
senescence and generally attributed to ethylene production
(Halevy and Mayak 1981). Petal wilting in many species is
regulated by endogenous ethylene but in many other
species it is not (Sexton et al. 2000, Van Doorn 2001).
Light
Light is vital as an energy source for photosynthesis
and flowering. For flowering plants, three aspects of light
need to be considered: intensity, duration and quality. Photo-
morphogenesis is mainly influenced by light quality (wave-
length) and quantity (intensity). A photoperiodic stimulus is
perceived by a pigment (phytochrome) in the leaves and
acts as a photoreceptor. Plants use red and far-red light
wavelengths as indicators of seasonal variations (Taylor and
Whitelaw 2001). Morphogenic processes such as seed ger-
mination, flowering, senescence, dormancy and abscission
are all red light responses, regulated by phytochrome (Erwin
1993).
Light intensity refers to the quantity of light received by
the plant. It influences the manufacture of photosynthates,
stem length, leaf colour and flowering. Plants grown in low
light tend to be etiolated, have weak stems and the leaves
are light green, whereas plants grown in very bright light
tend to be shorter, have strong, better-branched stems, and
have strong, larger, dark green leaves. Increased hours of
lighting allow the plant to make sufficient photosynthates to
grow and reproduce.
The growth of plants and the length of time they remain
active depends on the amount of light they receive.
However, high and low light extremes will compromise
flower quality and can induce abscission. Too much direct
light may burn or turn the leaves and flowers brown, and
it is therefore essential that plants be protected from direct
sunlight. In a study by Shifriss et al. (1994) with pepper
plants, 60% shading resulted in heavy abscission of flowers
and, as a result, most of the varieties did not set fruit under
shading. Hibiscus plants grown under low irradiance
conditions (500µmol m–2 s–1, PPF) abscised more flower
buds than those grown in high irradiance (980µmol m–2 s–1,
PPF) (Force et al. 1988), while maintaining plants in the
dark for 4–6 days significantly increased flower drop (Van
Meeteren and Van Gelder 1995).
Light quality also affects plant growth and morpho-
genesis. If artificial lights are to be used as the only source
of light for growing plants, the quality of light (wavelength)
must be considered. Decoteau and Craker (1984) reported
that the most effective wavelength in preventing abscission
appeared to be red, with the implication that phytochrome
is involved. However, the inhibition of abscission seems
to be dependent on the level of irradiance and length of
the treatment period (Decoteau and Craker 1984). Dark-
induced flower bud abscission in Hibiscus rosa-sinensis
was reduced by applying red light continuously or short
red light pulses during darkness to the plants (Van Lieburg
et al. 1990).
Plants that are flowering require extra infrared light that
can be supplied by incandescent bulbs, or special
horticultural-type fluorescent lights. It must be borne in mind
that lighting efficiency may interact with other growth factors
such as temperature. In potted miniature roses, simulated
home conditions using yellow fluorescent lights resulted in
premature yellowing, flower and leaf abscission, and failure
of buds to open (Tjosvold et al. 1994). The floral stimulus
is produced in the leaves under photo-inductive conditions
and then transported in the phloem to the stem apices,
resulting in flower formation (Cleland 1978). Hibiscus
flowers containing leaves abscised when exposed to red
light, but did not abscise when leaves were removed,
suggesting that flower abscission might be regulated in a
similar way (Van Meeteren and Van Gelder 2000).
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Lilium flower buds exposed to dark and short-day conditions
showed an accelerated increase in ethylene production,
followed by flower drop in dark-held flowers (Van Meeteren
and De Proft 1982). However, in Coleus leaves, a threefold
increase in the production of free auxin was observed in
response to decreasing far-red and increasing red light (Mao
et al. 1989). Moreover, the authors demonstrated that this
treatment affected auxins only because gibberellin, abscisic
acid and cytokinin levels remained unaffected.
Successful production of flowers in most plants is directly
related to environmental cues, proper nutrition, and their
ability to produce sufficient carbohydrates to support
flowering and seed formation. In general, plants tend to
produce large showy flowers or inflorescences to attract
pollinators. If, however, too many flowers are produced, the
plant may not be able to meet the continual demand for
carbohydrates, and so flowers are shed. It is this balance
in the energy status of the plant — adjusting the supply
and demand of photosynthates — that drives all plant
processes, for without energy, most of the simplest
biochemical reactions would not take place.
Many cut and potted flowers are still undergoing substantial
growth and development (two- to threefold increase in dry
weight) when they are either harvested or transported to their
designated location. This generally occurs prior to anthesis
or after the opening of the first flower. Abscission of flowers
occurs during conditions that limit the supply of photo-
synthates and, as a result, unfertilised flowers often abscise,
due to competition for carbohydrates (Force et al. 1988).
Carbohydrates delay the time to wilting in flowers known to
be insensitive to ethylene (Van Doorn 2001). Furthermore,
flower abscission that occurs after fruit growth is initiated in
Manzanillo olive was thought to be due to photosynthate
competition (Rapoport and Rallo 1991).
Work by Aloni et al. (1996) on peppers showed that two
cultivars, ‘Maor’ and ‘899’, accumulated low levels of soluble
sugar, and as a result exhibited greater abscission than
other cultivars that accumulated higher levels. Their results
suggested that the capacity of flowers to accumulate sugars
and starch during the day is an important factor in deter-
mining flower retention and fruit set (Aloni et al. 1996).
Similar results were obtained by Turner and Wien (1994),
in terms of linking the susceptibility of flowers to abscission
with the reduced partitioning of carbohydrates to flowers.
Although silver thiosulfate (STS) was effective at preven-
ting flower abscission in Heuchera sanguinea, the inflo-
rescence did not undergo further development unless 0.5%
sucrose was supplemented (Han 1998). In flowers like
carnation, exogenous sugars are known to delay the ethy-
lene climacteric that accompanies flower wilting (Marousky
1969, Nichols 1973, Van Doorn 2001), while in cotton, a
significant negative correlation between sugar content in
flowers and ethylene-induced abscission exists (Guinn
1976). Similarly, in grapevine, a higher content of reserve
and transport carbohydrates in the inflorescence favours
flower development and fruit retention under optimal
environmental conditions (Lebon et al. 2004).
Recent work on the interaction between source- and sink-
strength on the abscission of pepper flowers reveals the
close relationship between flower drop and energy flow.
Marcelis et al. (2004) varied assimilate supply by altering
light intensity, plant density and leaf pruning, and assimilate
demand by changing the ambient temperature and the
number and position of earlier-formed fruits. Their results
show that a decrease in source strength led to a linear
increase in flower abscission, irrespective of the type of
method used (shading, high plant density or leaf pruning)
to decrease photosynthate supply.
Temperature
Research on flowering plants has established the importance
of temperature regulation in cut and potted flowers. The
emphasis is usually laid on temperature requirement in
different growth stages, integration capacity of plant, specific
effects of day and night temperature and the chilling
temperature tolerance of different genotypes (Hendriks 1990).
The natural habitat of the species needs to be considered
when temperature is concerned. Plants that originate from
temperate/tropical and subtropical regions cannot be stored
or transported at temperatures below 0°C, as chilling injury
occurs. However, the temperature must not be above 12°C,
to avoid high metabolic processes (Reid 1991).
Temperature directly influences respiration, even under
normal conditions such as sufficient water and nutrient supply.
Elevated temperature results in an accelerated metabolism
that leads to a consequent increase in the rate of utilisation
of energy reserves by the tissue (assimilate demand), and
hence rapid progress towards abscission (Guinn 1974) and
senescence (Borochov et al. 1985). Although reduction of
temperature is normally beneficial, it can cause deleterious
effects when the temperature falls below the limit of the
individual species temperature ‘window’, which may lead to
chilling injury (Reid 1991). Reducing temperature will reduce
metabolism and also deteriorative process such as senes-
cence, water loss, loss of respirable substrate, attack by
micro-organisms and undesirable growth, and development
can be retarded (Reid 1991).
In Poinsettia, temperatures below 10°C may result in chilling
injury because low temperature causes bracts to turn a
purplish or white colour due to cellular injury (Nell et al. 1995).
In Poinsettia, improper temperature during transportation
usually results in epinasty (Nell et al. 1995). Furthermore,
Poinsettia plants maintained under relatively warm and high
light intensity conditions had smaller bracts, were shorter and
had an eight-fold higher rate of Botrytis infection at harvest,
compared to control plants (Staby and Kofranek 1979). These
plants were classified as inferior when considering their
increased foliar abscission and premature death of cythia and
cythial abscission (Staby and Kofranek 1979).
High temperature is the principal environmental factor
inducing abscission of pepper reproductive organs by
increasing ethylene production in the reproductive organs
(Wien et al. 1989, Huberman et al. 1997). Reduction of
temperature at the end of the production phase increases
the colour intensity of flowers and bracts of some species
(primulars) and may enlarge the flowers (Hendriks 2001).
High temperature and high light intensity in roses caused a
reduction in, or complete inhibition of, anthocyanin pigment
production (Biran and Halevy 1974). Application of ethephon
to cold-stored cut lilies did not induce flower abscission or
bud abortion, demonstrating that ethylene sensitivity of cut
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lilies decreased following cold storage (Song and Peng
2004). When exposed to high temperatures, Christmas
begonias exhibited a high rate of flower bud abscission
(Fjeld 1990, Hendriks 1990).
Relative humidity
Humidity affects the uptake of nutrients such as calcium
and magnesium which are transported via mass flow to the
roots (Hendriks 2001). Calcium deficiency symptoms such
as bract edge burn of Poinsettias are worsened by high
humidity conditions (Hendriks 2001). Zieslin and Gottesman
(1983) showed that no flower abscission was observed from
shoots exposed to lower humidity conditions, including shoots
treated with 100mg l–1 ethephon. Rate of abscission appears
to increase with increasing plant age. No petal abscission
occurred in young flowers under the high humidity conditions
of the experiment, while abscission was 23% of flower fresh
weight for mature flowers (Zieslin and Gottesman 1983).
High humidity conditions created in the closed shipping
box may increase the occurrence of diseases such as
Botrytis and powdery mildew (Staby and Kofranek 1979,
Hendriks 2001). Eden et al. (1996) reported that exposure
to high RH (56–100%) increased the infection of Botrytis
to flower parts, leading to abscission. Studies on Begonia,
Euphorbia and Saintpaulia show that increasing air humidity
decreases the transpiration from plants, while the growth
of the plants increases (Gislerød et al. 1986). High humidity
may decrease transpiration, and hence premature absci-
ssion, but infection rates are higher, and thus a compromise
must be reached.
Nutrient availability
Plant fertilisers improve the overall growth and quality of
the plants and flowers. However, high fertiliser levels,
especially nitrogen, do have adverse effects on plants, such
as a decrease in the longevity of individual flowers (Serek
1990, Nell et al. 1995). In addition, the reduced quality
leads to fewer flowers, greater bud and leaf loss, etiolated
stems and easily wilted flowers. A continued fertiliser regime
provides direct competition between nitrogen and calcium
uptake and may limit the required levels of calcium for cell
expansion in the bract margins (Nell et al. 1995). Calcium
sprays and reduced fertiliser minimises the incidence of
Poinsettia bract edge burn in the greenhouse, during
shipping and in the retail setting.
Plants are most sensitive towards the end of cropping,
where high levels of nitrogen (N) can drastically reduce the
longevity of organs (Serek 1990, Hendriks 2001). The
affected longevity very often correlates with a reduction in
root quality (Hendriks 2001). Work by Starkey and Pedersen
(1997) on potted roses showed that a combination of low
calcium and high ammonium increased the yellowing of
leaves and senescing of flowers. High fertiliser levels during
production decrease the quality of chrysanthemums,
Campanula, Poinsettia and other plants during and following
shipping (Nell and Barrett 1994).
In chrysanthemum, terminating fertiliser three weeks prior
to marketing resulted in a 7–11-day increase in longevity,
depending on cultivar and fertiliser rate (Karlsson et al.
1989). Kyalo et al. (1996) suggested that fertiliser
application must be stopped 2–3 weeks before plants are
sold, and plants should be irrigated with water or very
low levels of fertiliser thereafter. Poinsettia fertilised with
the lowest rate of fertiliser and held for short storage
duration displayed less abscission (cyathium loss) and
quality loss (Scott et al. 1984). However, flowers such as
Easter lilies may need to be fertilised until the crop is
marketed to avoid premature leaf yellowing (Nell and
Barrett 1994). The use of fertiliser will vary, depending
on plant species, growing media, and the concentration
and type of fertiliser used.
Carbon dioxide
Enriching the atmosphere with carbon dioxide (CO2) leads to
increased photosynthesis, and hence greater production of
carbohydrates. It may be expected that increased availability
of energy would delay abscission, but this is not always the
case. Increased CO2 levels increased abscission of oak leaves
(Stiling et al. 2002), did not affect abscission of sweetgum
leaves (Herrick and Thomas 2003) and reduced abscission
of cotton flowers (Guinn 1974). These differing results make
interpretation and understanding the effects of CO2 difficult,
highlighting the need for more research in this area.
Water stress
The water status of the plant is a balance between water
use and water supply. However, when water is cut off or
limited (as is the case of transported potted plants) water
status must be maintained by reducing water loss (Reid
1991). Higher water losses can result in permanent quality
loss due to failure of water conduction in the dehydrated
xylem and accelerated senescence resulting from ethylene
and abscisic acid (ABA) production in the desiccated leaves
and petals (Spikman 1986, Reid 1991). Rehydration of
water-stressed plants leads to an increase in ethylene
production, resulting in abscission (Abeles et al. 1992).
Over- and under-watering account for a large percentage
of tropical plant losses. Differences in the type of potting
medium and environment influence water needs. Work by
Tjosvold et al. (1994) on potted roses and Gislerød et al.
(1986) on Poinsettia have shown that over-watering of the
plants during the final 1–2 weeks of production results in
rapid losses in plant and flower quality following shipping,
as a result of damage to the root system. Water stress in
plants hastens the senescence process in both intact and
detached flowers. In addition, water stress may lead to
stomatal closure, which in turn induces ABA production and
leads to premature abscission.
Pathogen attack
Pathogen invasion often induces premature abscission of
the infected organ. When the plant’s defence response is
unsuccessful and pathogen invasion occurs, the plant
benefits from shedding the organ to prevent the spread of
infection throughout the plant and its neighbours. Ethylene
may be involved in the transmission of wound- or pathogen-
induced stimuli, since endogenous levels of this hormone
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increase upon injury, mainly as a result of increased
synthesis of ACC (Joyce and Jones 1992, Taylor and White-
law 2001).
Internal (genetic) regulation of abscission
Internal control of abscission occurs when, for example,
flowers are not pollinated and are shed to reduce water or
carbohydrate loss or in species where flowers only open for
a limited time (for example, a few hours in Morning Glory).
The ‘Queen of the Night’ cactus (Epiphyllum sp.) opens for
one night, but remains attached to the plant for another week
before abscission occurs (Erdelska and Ovecka 2004). This
happens irrespective of the presence of external stimulatory
or inhibitory factors, and is thus a means of internal control.
Very little is known about such mechanisms, but Ashman
and Schoen (1994) considered flower abscission in terms of
resource allocation strategy and suggested that flowers are
shed when it is more energetically profitable to create a new
flower than to maintain an old one.
Plant Response — Effects on Hormones, Genes and
Enzymes
Role of ethylene in natural abscission of flower parts
The role of ethylene in abscission has been recognised in
many plants for decades. A considerable number of
investigations have suggested that ethylene regulates
natural abscission (for reviews see Morgan 1984, Reid
1985, Osborne 1989, Abeles et al. 1992, Sexton 1994,
Brown 1997). The physiological evidence supporting the
above finding is based on two factors: (1) correlations
between increases in ethylene production and the beginning
of the abscission process, and (2) the inhibition of
abscission by ethylene antagonists. However, researchers
are still struggling to identify the exact step where ethylene
functions in the abscission process — whether it induces
or accelerates this process. There are a number of
convincing correlations showing an increase in the rate of
ethylene production before abscission (Jackson et al. 1972,
Mor et al. 1984, Roberts et al. 1984). Some workers sugges-
ted that this increase occurs specifically prior to abscission
zone fracture (Sexton et al. 1984, Morgan et al. 1992).
However, clear evidence to support this hypothesis is diffi-
cult to find.
Work by Burdon and Sexton (1990) also failed to prove
their hypothesis — that ethylene production precedes the
first biochemical changes associated with abscission. The
amount of physiologically active ethylene (which should be
above 0.25µl l–1) present in the abscission zone was difficult
to measure because of small cell size. Instead, abscission
was estimated by the amount of an ethylene precursor ACC
that moves from the remote organs to the abscising zone
(Tudela and Primo-Millo 1992). Whether ethylene increases
prior to, during or after abscission zone fracture is
dependent on the species and so cannot be used to define
the general role of ethylene in the abscission process.
Considering the second factor, in some studies ethylene
antagonists rarely completely block abscission (Bleecker and
Patterson 1997, Sexton 1997), as might be expected if
ethylene was the primary inducer. Despite all the work done,
the question of the timing of ethylene production during
abscission still stands. Previous and recent work undertaken
at the physiological level does not show if ethylene is an
essential requirement for abscission to take place or just
accelerates the abscission process. It was shown that in
species that do not undergo senescence, abscission
processes are ethylene-dependent, and in those that first
undergo senescence, the abscission process is ethylene-
independent (Lewis et al. 1968, Osborne and Sargent 1976).
Van Doorn (2001, 2002) categorised both monocotyledons
and dicotyledons in terms of their sensitivity to ethylene.
Most monocotyledonous species tested showed ethylene-
insensitive petal wilting, although ethylene-sensitive wilting
occurred in the Alismataceae and Commelinaceae (Van
Doorn 2001). Petals of the dicotyledonous species were
generally sensitive to ethylene, except for a few families
showing wilting (Crassulaceae, Gentianaceae, Fumariaceae,
and one subfamily in both the Ericaceae and Saxifragaceae)
(Van Doorn 2001). Petal abscission was generally ethylene-
sensitive, but ethylene insensitivity was found in some Tulipa
cultivars and three Saxifraga species (Sexton et al. 2000,
Van Doorn 2001). The authors concluded that (1) the
response to ethylene is often consistent within either families
or subfamilies; and (2) a fourth category, ethylene-insensitive
petal abscission, exists both in monocotyledons and
dicotyledons (Van Doorn 2001).
The mechanism by which abscission-related genes
become expressed hinges on several events or processes
occurring first. The physiological status of the tissues
involved in perceiving the stimulus is critical, as is the nature
of the cells comprising the abscission zone. Receptors
should be in the conformation required to bind the signal
molecule, steps in the signal transduction pathway need to
operate efficiently, and genes encoding transcription factors
and other DNA-binding proteins have to be expressed and
in an active form before they can operate. Basically, the
cells/tissues involved have to be both developmentally pre-
pared to perceive stimuli when they are present and physio-
logically equipped to respond appropriately.
Early workers examining the effect of ethylene on
abscission-related gene expression suggested that tran-
scription was not required for abscission (Henry et al. 1974).
Since then, ethylene has been shown to alter the expression
of several genes involved in plant defence (Felix and Meins
1987, Hart et al. 1993, Ohme-Takagi and Shinshi 1995),
carnation petal senescence (Lawton et al. 1990) and in
ripening tomato fruit (Deikman and Fischer 1988, Deikman
et al. 1992). A conserved GCC motif interacts with ethylene-
responsive element-binding proteins in the case of the plant
defence genes, while different promoters are involved in
the other two systems (Deikman 1997). It is important to
consider not only those genes directly related to abscission
(for example, hydrolytic enzymes) but those that contribute
to the entire process — defence genes are required because
once the flower has been shed, tissues become exposed and
vulnerable to invasion by pathogens; often, petal senescence
occurs prior to abscission so that valuable carbohydrates,
amino acids and hormones can be mobilised and retained
by the plant and not lost with the shedding of the organ.
Genes that undergo increased expression after exposure to
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ethylene include polygalacturonases (Kalaitzis et al. 1995,
Hong et al. 2000), cellulases (McManus et al. 1998, Trainotti
et al. 1998, Clements and Atkins 2001b), receptor-like kinases
(Jinn et al. 2000, De Paepe et al. 2004), transcription factors
(Tucker et al. 2002), and pathogenesis-related proteins
(Vogelsang and Barz 1993).
Recently, some excellent work done by De Paepe et al.
(2004) showed that over 200 genes in Arabidopsis are
significantly up- or down-regulated by ethylene. Whole
plants were treated with ethylene and a comprehensive
transcriptome analysis was carried out using cDNA-AFLP
and microarray techniques by comparing expression profiles
from wild-type and the ethylene-insensitive mutant ein2-1.
Although plants were just 19 days old, some intriguing
results were found. Three clusters of genes were identified:
Cluster 1 represented genes involved in cell rescue, defence
and virulence, metabolic genes and genes encoding
proteins which facilitate transport that were down-regulated
when plants were exposed to ethylene. Cluster 2 genes
were up-regulated on exposure to ethylene and included
some defence and metabolic genes. Thus, ethylene is able
to shut down certain metabolic processes while simultaneously
inducing others. Cluster 3 genes were expressed very early
after ethylene treatment and included genes required for
protein synthesis, protein activity and genes involved in
cellular organisation. Interestingly, three genes belonging to
the family of ubiquitin-specific proteases showed increased
expression during ethylene treatment. This finding supports
the suggestion that ethylene regulates genes involved in
the ubiquitin-mediated degradation pathway (Kepinski and
Leyser 2002).
Some intriguing results on branch abscission in the aquatic
fern Azolla suggest that two independent pathways control
abscission (Uheda and Nakamura 2000). Ethylene-induced
abscission took approximately 20h and was accompanied by
increases in cellulase and polygalacturonase activity, while
sodium azide-induced abscission was very rapid (20min) and
no changes in hydrolytic enzymes were found. Cycloheximide,
a potent translation inhibitor, prevented ethylene-induced
abscission but not sodium azide-induced abscission. Such a
unique system warrants further research to establish if an
ethylene-independent abscission pathway exists.
Ethylene-insensitive flower abscission
In an attempt to further investigate the role of ethylene in
flower abscission, cases where abscission occurs without
any apparent increases in ethylene production were
discovered. Such non-essential roles for ethylene have been
reported in some abscission studies (Lewis et al. 1968,
Osborne and Sargent 1976, Woltering and Van Doorn 1988,
Burdon and Sexton 1993, Henderson and Osborne 1994,
Sexton et al. 2000, Van Doorn 2001), and in all cases
appeared to have no direct effect on abscission.
It is possible that in some cases ethylene-insensitive
species may be mistaken for ethylene sensitivity. For example,
Sexton (1997) discovered little effect of ethylene on the
progress of senescence of cut tulip flowers. Although ethylene
accelerated initial stages of weakening by a few hours, by the
time the first tepals were falling, there was no difference
between ethylene-treated and control flowers. In truly ethylene-
sensitive flowers, abscission in treated flowers is often complete
before it begins in control plants. This study therefore suggests
that ethylene accelerates abscission in some cases, may not
be the only factor regulating abscission in many cases, and
in some cases is not even important. However, it is now
established that ethylene insensitivity is confined to those
species which exhibit wilting prior to abscission.
Recent work on Arabidopsis has tried to address the role
of ethylene in the induction of flower abscission. Arabidopsis
provides a marvellous tool for studying abscission-related
processes. This is because Arabidopsis sheds intact turgid
floral organs (Patterson 2001), and therefore the abscission
process is not confused with characteristics associated with
senescence. Soon after anthesis, the separation of floral
organs takes place as an active form of programmed
abscission (Patterson et al. 1994, Bleecker and Patterson
1997). Using ethylene-insensitive mutants, it was shown that
ethylene signalling was not an essential component of floral
organ abscission in Arabidopsis (Bleecker and Patterson
1997, Patterson and Bleecker 2004). At least in the case of
Arabidopsis floral organs, ethylene may play only a primary
role in determining the time of abscission onset.
Ethylene-auxin interaction influences on the abscission
process
Ethylene and auxin (IAA) are important regulators of
abscission. Auxins retard, whilst ethylene is an accelerator
of the abscission process (Taylor and Whitelaw 2001). For
many years it has been recognised that the balance
between ethylene and auxin determines where and when
separation takes place (Beyer 1975, Sexton et al. 1984,
Evensen et al. 1993, Taylor and Whitelaw 2001). The auxin
status of the abscission zone controls sensitivity to ethylene
while ethylene inhibits auxin transport and may elevate
sensitivity of the zone by interfering with auxin transport
(Beyer and Morgan 1971, Beyer 1973). Treatment with
auxins reduced abscission in rose pedicels, and reversed
the enhanced abscission observed after stems were placed
in a solution of ACC (Goszczynska and Zieslin 1993).
These results indicate that auxin is able to decrease the
sensitivity of abscission zone cells to ethylene. Auxin can
either reduce or promote flower abscission, and this
appears to be dependent on the concentration being used
(Abeles et al. 1992). This was previously reported by Wien
and Zhang (1991) when plants sprayed with auxins did not
always retard abscission. It is well established that excess
auxin stimulates ethylene production (Abeles et al. 1992),
and so if auxin is to be used as a preventative measure,
the correct concentration has to be determined for each
species by experimentation.
It is well known that auxin influences ethylene levels
(Ecker 1995). Recently, Nordström et al. (2004) investigated
crosstalk between auxin and cytokinin and showed that
auxin can very rapidly decrease cytokinin biosynthesis,
presumably by altering activity of the enzymes or by
regulating gene expression. This is a significant finding,
especially when considering that ethylene is capable of
regulating both the auxin pool and signalling (De Paepe et
al. 2004). Hypothetically then, ethylene perception followed
by a signal transduction cascade leads to altered expression
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of auxin-signalling genes, resulting in a change in the auxin
pool which then down-regulates cytokinin biosynthesis.
Decreasing the level of cytokinins, known anti-senescence
and anti-abscission agents (Hasenstein and Zavada 2001,
Sankhl et al. 2003), could then promote abscission.
Auxins rapidly induce expression of Aux/IAA genes, a
family of proteins unique to plants that share four conserved
domains (Reed 2001). These proteins are differentially
expressed in specific tissues, and form dimers with auxin
responsive factors (ARF). ARFs have a DNA-binding
domain that allows them to regulate expression of other
genes in response to auxin, including the ethylene biosyn-
thetic enzyme ACC synthase (Guilfoyle 1999). Expression
of β-1,3-glucanase, an enzyme involved in plant defence,
was enhanced by auxin (Vogelsang and Barz 1993), while
in other species such as tomato, auxin decreased
expression of polygalacturonases (Kalaitzis et al. 1995) and
cellulases (Tucker et al. 1988, Del Campillo and Bennett
1996). Zhou et al. (1996) showed that while auxin
application reduced expression of PG (and hence flower
drop) in tomato abscission zones, this was not due to an
alteration of the expression of the ethylene receptor,
suggesting that auxin does not interact with ethylene
perception but exerts its effect at a later point in the signal
transduction pathway. Although not reported, it could be
speculated that auxin is involved in regulating the
expression of expansin genes that play a role during flower
abscission. Unfortunately, in many flower abscission studies
where the effect of ethylene on gene expression was
investigated, the effect of auxin was not considered. Despite
this, the general trend appears to be that auxins act
antagonistically to ethylene by inhibiting expression of
abscission-related genes (Brown 1997).
The role of other hormones in regulating the abscission
process
The possible regulating effect of other hormones in flower
abscission is still unclear. Studies on Begonia showed that
gibberellic acid had no effect on flower abscission (Hänisch
ten Cate and Bruinsma 1973). In Golden Wave roses, petal
abscission was delayed after treatment with a cytokinin and
in Leptospermum this was related to a decrease in ethylene
production (Zieslin and Gottesman 1983). Intact plants of
Golden Wave shed their petals earlier, compared to Lovita
roses, and the cytokinin level was significantly lower in the
former (Mayak and Halevy 1970). Wien and Zhang (1991)
reported that flower abscission in Capsicum annuum could
be completely overcome by a combination of gibberellic
acid and cytokinin. Chang et al. (2003) found that transgenic
petunia plants with increased cytokinin levels showed a
lower accumulation of ABA and reduced sensitivity to
ethylene, which delayed flower senescence.
ABA was isolated and named because of its stimulatory
role on leaf abscission, but today it is generally accepted
that this hormone plays a minor role in regulating flower
abscission (Patterson 2001). It may exert its effect by
increasing levels of the ethylene precursor 1-aminocyclo-
propane-1-carboxylic acid (ACC) (Goren et al. 1993), and
in certain conditions, both ABA and ethylene are required
for abscission (Thompson and Osborne 1994).
Work on the involvement of ABA has also revealed
conflicting evidence. In some cases, ABA has a stimulatory
effect on abscission; evidence for this was shown by a
correlation of abscission with increasing ABA levels in
Hibiscus (Swanson et al. 1975) and Lupinus luteus (Porter
1977). In both cases, the level of free ABA in the abscission
zone of these flowers increased prior to abscission. In
contrast, exogenous application of ABA in Lupinus had no
effect on flower drop (Porter 1977). This was based on
correlations of abscission with ethylene production,
therefore regarding ethylene as a primary regulator of the
abscission process (Morgan 1984). Later, in the 1990s, work
on cocoa flowers supported the stimulatory role of abscisic
acid on abscission (Aneja et al. 1999). At least in cocoa
flowers, abscisic acid is the primary inducer of abscission,
and ethylene accelerates abscission but does not appear
to be necessary to initiate abscission.
Although it was once widely accepted that ABA played a
major role in abscission, it most probably exerts its effect
by enhancing senescence and thereby hastening the
ethylene climacteric, thereby accelerating abscission
(Jackson and Osborne 1972). Very few reports exist
concerning the direct effect that ABA has on regulating gene
expression during flower abscission. Hildmann et al. (1992)
isolated three clones expressed in tomato and potato buds
after exogenous application of ABA. These corresponded
to proteinase inhibitor1 (pin1), proteinase inhibitor2 (pin2)
and an amino-peptidase, all of which are involved in plant
defence and are also expressed in response to mechanical
wounding (Pen
v
a-Cortés et al. 1989) and methyl jasmonate
(Hildmann et al. 1992).
One possible avenue that could be exploited to determine
the influence of various plant growth regulators on expression
of abscission-related genes is analysis of the non-coding
upstream nucleotide sequence. These sequences can be
compared to the conserved motifs that particular hormones
are known to interact with. Although these results would be
putative at best, they would nevertheless provide a starting
point for further expression studies.
Enzymes involved in abscission and abscission-related
processes
Polygalacturonases
Polygalacturonases (PGs) have been implicated in fruit
ripening and organ abscission for many years (Sexton and
Roberts 1982), but it has only been in the last decade and
a half that the diversity of this family has been revealed.
Hadfield and Bennett (1998) have reviewed the various
roles that these enzymes play during plant growth and
development, which include pectin disassembly, pollination,
abscission and even xylogenesis.
The site of PG action is at the pectic middle lamella sepa-
rating adjacent plant cells. Tomatoes transformed with an
antisense PG construct showed reduced expression in fruit,
but nevertheless exhibited normal leaf and flower abscission
(Taylor et al. 1990). In addition, the antibody raised against
the fruit PG did not bind the enzyme causing abscission,
and the authors speculated that the two PG enzymes were
different. Kalaitzis et al. (1995) cloned this abscission-
specific PG gene, TAPG1, and found it to belong in a small
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family of PG genes that are distinct from those active in
fruit. Both silver thiosulfate and auxin reduced accumulation
of the mRNA transcript and, intriguingly, expression in flower
abscission zones was several-fold higher compared to leaf
abscission zones.
Two more abscission-specific PG genes from tomato,
TAPG2 and TAPG4, were cloned by Kalaitzis et al. (1997).
All three enzymes are localised to leaf and flower abscission
zones, but TAPG4 is expressed much earlier (Hong et al.
2000). Hong and Tucker (1998) isolated three additional
polygalacturonase clones from tomato, TPG3, TAPG5 and
TPG6. Comparison of their nucleotide sequences revealed
that four exons were present in all genes except for TPG6,
which lacked the second exon. Intron analysis showed that
auxin response core elements were present in all sequences
except that of TPG3, and ethylene response elements were
present in all sequences except TAPG5 and TPG6.
A PG gene from Brassica napus (RDPG1) was transferred
into Arabidopsis and its expression analysed by Sander et
al. (2001). They found that the conserved proximal part of
the 5’-flanking region targets expression to dehiscence
zones of siliques and anthers, as well as abscission zones
of flowers, stylar tissue and regions of the apical meristem.
In a similar study, two PG genes from Brassica napus were
isolated and characterised and were found to exhibit good
homology (82%) to a predicted Arabidopsis PG gene
(González-Carranza et al. 2002). Interestingly, one of these
genes, PGAZAT, is not expressed during seed abscission,
suggesting that events regulating seed and flower shedding
may be different. Comparison between tomato and Brassica
genomic organisation of PG sequences reveals large
differences: tomato PGs have four introns and five exons
(Kalaitzis et al. 1997, Hong and Tucker 1998), while PG
genes from Brassica have eight introns and nine exons
(González-Carranza et al. 2002).
Cellulases
The enzyme most commonly implicated in abscission
processes is cellulase (endo-1,4-β-D-glucanase), an enzyme
which is thought to cleave linkages between xyloglucan
residues. Several reviews have well documented the last four
decades of research in this particular area (Sexton and Roberts
1982, Van Doorn and Stead 1997, Roberts et al. 2000).
In the tomato Nr (never ripe) mutant, retardation of
cellulase and PG activity resulted in delayed flower
abscission (Tucker et al. 1984), although the cellulase was
not confined to the abscission zone. Expression of this
cellulase is highly up-regulated when plants are exposed
to ethylene, but if auxin is used prior to ethylene exposure,
expression is minimal and abscission does not occur
(Tucker et al. 1988). There is strong evidence from homo-
logy analyses and transformation studies that regulation of
cellulase expression is similar in many species (Koehler et
al. 1996, Henderson et al. 2001).
Currently, eight cellulases from tomato have been isolated
and characterised (Catala and Bennett 1998, cited by Beno-
Moualem et al. 2004). Interestingly, a tomato cellulase,
TPP18, is abundantly expressed in hypocotyls in response
to ethylene, but is absent in abscission zones (Brummel
et al. 1997). Two members of this family, Cel1 and Cel2,
show overlapping expression during fruit ripening and
flower abscission (Gonzalez-Bosch et al. 1997), while a
third, Cel5, is expressed during the late stages of abscission
(Del Campillo and Bennett 1996). Both Cel1 and Cel5 are
negatively regulated by application of auxin (Kalaitzis et al.
1999), while Cel6 is slightly up-regulated (Del Campillo and
Bennett 1996). Beno-Moualem et al. (2004) showed that
expression of Cel2 and Cel5 were up-regulated by methyl
jasmonate, and that Cel3 is unaffected by hormones.
Trainotti et al. (1999) characterised a novel cellulase from
strawberry that contains a putative cellulose-binding
domain, and suggested that it may act specifically on the
xyloglucans that coat the cellulose microfibrils and so allow
other cellulases better access to the cell wall. A mutant
lupin line that does not undergo flower abscission showed
decreased cellulase levels compared to normal plants
(Clements and Atkins 2001b), suggesting that cellulase
expression is critical for abscission to occur. In Arabidopsis,
approximately 20 putative cellulase genes have been
identified within the genome, but a specific isoform involved
in abscission has yet to be described (Del Campillo 1999).
This again highlights the unsuitability of Arabidopsis as a
model organ for studying abscission and abscission-related
processes. Together, the extensive body of literature relating
to the involvement of cellulase in abscission indicates a
complex multi-step process involving induction and repre-
ssion of cellulase genes, which are in turn dependent on
the developmental regulation and physiological status under
which abscission takes place.
Enzymes involved in plant defence
Despite the fact that flower abscission is both a develop-
mental and environmental adaptation to maximise energy
efficiency during the reproductive process, once the flower
has been shed, cells comprising the abscission zone on
the main plant are now exposed to the environment. This
is critical, since these tissues are now open to opportunistic
attack by many fungi, bacteria and insects. Thus, tran-
scription of several genes relating to plant defence is
increased concomitant with the onset of flower abscission.
These include chitinases, β-1,3-glucanases, polyphenol-
oxidase, peroxidase, pathogenesis-related (PR) proteins
PR1, PR2, PR4 and PR5 and metallothionein-like proteins
(Coupe et al. 1995, Coupe et al. 1997, Van Doorn and
Stead 1997, Roberts et al. 2002, De Paepe et al. 2004).
Unfortunately, the material of choice for these studies has
been leaf abscission zones, and thus more work is required
on flower abscission zones to establish if the same types
of defence systems are activated during flower abscission.
An interesting class of defence-related proteins are the
polygalacturonase-inhibiting proteins (PGIP) which, as their
name implies, prevent the action of pathogen PG. It is
currently not known if these proteins are expressed during
abscission. Transformation of plants with this protein driven
by a constitutive promoter may reduce endogenous PG
activity and so delay or prevent flower drop (Favaran et al.
2004, Tamura et al. 2004).
Other regulatory proteins
Expansins
Expansins are enzymes involved in cell enlargement by
acting as cell wall loosening agents. Their role in cell growth
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is critical, as they allow slippage (shear) of the polymers
that comprise the cell wall but maintain sufficient strength
to withstand high turgor forces. In bean explants, the distal
portion of the tissue undergoes senescence and a secondary
abscission zone trans-differentiates with the cortical cells on
the green (proximal) side undergoing enlargement just prior
to abscission (McManus et al. 1998). This strongly suggests
that expansins are involved. In Arabidopsis, constitutive
expression of Expansin 10 (AtEXP10) causes leaf absci-
ssion, even though no structurally distinct abscission zone
is present (Cho and Cosgrove 2000). Wild-type plants, in
contrast, do not exhibit leaf abscission — the leaves undergo
senescence, which is followed by attrition. The effect of
constitutive expression of this particular expansin in other
plants that do have differentiated abscission zones could
contribute greatly to our understanding of the involvement
of these proteins in abscission processes. Analysis of the
expression of two α-expansins showed that EXP5 was
down-regulated two hours after exposure to ethylene, while
EXP11 was maximally expressed after 10min (De Paepe
et al. 2004).
Receptor kinases
Once an abscission-inducing signal is perceived by the
plant, the stimulus must be transduced so that the appro-
priate enzymes become activated and genes transcribed.
Signal transduction pathways relating to abscission have
been recently reviewed by Taylor and Whitelaw (2001).
HAESA is a membrane-bound leucine-rich repeat serine/
threonine protein kinase that is a critical component in the
signal transduction cascade that results in flower abscission
in Arabidopsis (Jinn et al. 2000). Plants with antisense
constructs that have high expression show markedly
delayed flower abscission, while those with intermediate
levels of expression show an intermediate delay in absci-
ssion. Another protein kinase, PK12, accumulates in flower
abscission zones and its expression is regulated by ethylene
(Sessa et al. 1996). This kinase is related to cell cycle-
dependent CDC2-type kinases and is able to autophos-
phorylate on serine, threonine and tyrosine, making it a
dual-specificity kinase. Despite not being extensively
investigated with regards to abscission, protein kinases and
other components that regulate signal transduction appear
to have important roles in shedding organs from the
plant body.
Transcription factors
It is expected that production of hydrolytic enzymes be
under strict control, since the shedding of flowers needs to
be tightly regulated. This has been found to be the case
in bean abscission cellulase, a model system in which auxin
prevents and ethylene promotes abscission. Several
transcription factors interact with numerous elements in the
promoter that regulates the activation of this gene (Tucker
et al. 2002). Auxin inhibition of cellulase expression is in
part controlled by a negatively-regulated element, while
ethylene induction is mediated by a positively-regulated
element. Three TGA-type basic leucine zipper transcription
factors that bind to the basic leucine zipper motif have been
isolated, but further work is required to determine if other
regulatory proteins interact with them (Tucker et al. 2002).
Proteins belonging to the MADS domain family are
transcriptional regulators that are intricately involved in a
wide variety of developmental processes in plants (see
Theissen et al. 2000 and Garcia-Maroto et al. 2003, for
recent reviews). Several MADS-box genes are known to
be involved in regulating the differentiation of abscission
zone cells: Shatterproof1 and Shatterproof2 (Liljegren et
al. 2000), Jointless (Mao et al. 2000) and Seedstick
(Pinyopich et al. 2001, cited by Fang and Fernandez 2002).
Arabidopsis plants transformed with the MADS-box gene
AGL15 (agamous-like 15) exhibited delayed flower
abscission, but when expression was restricted to just the
abscission zone, flowers were shed at the same time as
untransformed plants (Fernandez et al. 2000). Additionally,
transformed plants are sensitive to ethylene and flowers
abscise normally after exposure to the gas. These data
suggest that AGL15 acts as a negative regulator of a
certain subset of abscission and abscission-related events.
De Paepe et al. (2004) found that exposure of Arabidopsis
plants to ethylene resulted in differential expression of five
transcription factors and at least 11 DNA-binding proteins.
Some of these, however, are predicted proteins and remain
to be cloned and characterised.
Controlling Abscission — How Effective are Ethylene
Inhibitors?
There are several levels at which the effects of ethylene-
induced abscission can be targetted to reduce flower drop.
These include preventing transcription and/or translation of
hydrolytic enzymes, decreasing ethylene action by blocking
the ethylene receptor, interfering with the ethylene bios-
ynthetic pathway or stopping the action of enzymes involved
in cell separation.
A range of ethylene blockers has long been used to ensure
an acceptable vase life and delayed flower abscission.
Reports that silver ions negate the effects of ethylene were
revealed as early as the 1970s (Beyer 1976, Woltering 1987,
Woltering and Van Doorn 1988). The effect of silver on its
own was then found to be non-competitive. When silver was
applied in the form of thiosulphate it was found to be very
effective and is commonly used to prevent ethylene-induced
flower abscission (Joyce 1992). Subsequent studies by
Suttle and Abrahams (1993) showed that STS does not only
prevent ethylene-induced flower abscission, but abscission
resulting from ABA as well. This chemical is a liquid that is
typically applied as a post-harvest pulsing treatment (Joyce
1988). In some species such as the waxflower, STS reduces
disease severity (Taylor et al. 1996). Although the issue of
STS use is still under debate because of environmental
concerns regarding its disposal, it is still regarded as an
excellent ethylene action inhibitor (Macnish et al. 2000).
1-Methylcyclopropene (1-MCP) is a novel, non-toxic ethy-
lene inhibitor that binds competitively to the ethylene
receptor (Porat et al. 1995, Serek et al. 1995). It is the
most useful compound among recently developed inhibitors
of ethylene responses and is 1 000 times more effective
than other cyclopropenes (Sisler and Serek 1997). This
relatively new gaseous ethylene-binding inhibitor is non-
toxic and is active at very low concentrations (Sisler et al.
1996). The discovery of 1-MCP is timely, as public concern
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towards STS use is high (Joyce 1993). Although it was
thought that the discovery of 1-MCP would phase out the
use of STS, recent work suggests that 1-MCP is less
effective than STS, as its ethylene inhibitory effect may be
temporary in some flowers (Macnish et al. 2000).
Diazocyclopentadiende (DACP) (Sisler and Blankenship
1993a, 1993b, Sexton et al. 1995) is another cyclic compound
with double bonds that competes for the active site on the
ethylene receptor. Although DACP has been reported as a
weak inhibitor of ethylene response, upon irradiation with
visible light it gives rise to one or several much more active
components that block ethylene responses for many days.
For example, at 25°C, this blockage lasts about 10–12 days
in tomato fruits (Sisler and Lallu 1994). DACP has also been
shown to inhibit the effects of ethylene in several ornamentals
including carnation, geranium and rose (Serek et al. 1993,
1994). A major problem with DACP is that it is explosive in
high concentrations and this limits its commercial usefulness.
2,5-Norbornadiene is less effective than other competitive
inhibitors because it dissociates easily from the receptor,
thus allowing place for ethylene to bind and induce
abscission (Sisler et al. 1985, Sisler and Serek 1999, Reid
et al. 2001). High concentrations and continuous exposure
to 2,5-norbornadiene are required to prevent abscission,
and its strong odour is unpleasant (Sisler 1991), therefore
not making it a user-friendly ethylene blocker.
Other ethylene inhibitors such as aminoethoxyvinylglycine
(AVG) and amino-oxyacetic acid (AOA) can prevent flower
abscission by blocking enzymes involved in ethylene
biosynthesis (Van Doorn and Stead 1997), and have been
effective in species such as tomato (Basiouny 1981), Impa-
tiens (Dostal et al. 1991) and Freesia (Spikman 1989).
Mutants used in studying flower abscission
Clements and Atkins (2001a) have characterised a single-
gene recessive mutant in lupin that does not undergo
abscission of any organs, despite showing normal
responses to ethylene, for example, a good ‘triple response’
with exogenous ethylene application. Abscission zones are
formed, and the plant organs senesce, but they are not
shed. When exposed to ethylene, production of hydrolytic
enzymes was significantly lower than in the wild-type plants,
suggesting that a gene regulating ethylene-responsive
expression of abscission-specific enzymes is being blocked
(Clements and Atkins 2001b).
In tomato, the epinastic (epi) recessive mutant displays
strong symptoms of ethylene exposure, even when no
ethylene is present (Barry et al. 2001). Seedlings exhibit the
classic ‘triple response’, and the leaves and petioles of adult
plants display epinastic curvature. However, other physio-
logical aspects such as fruit ripening and petal senescence
occur as in normal plants. Plants homozygous at both the
epi and Nr loci exhibit the same epinastic response as epi
plants, but undergo delayed abscission and fruit ripening. The
authors suggest that a subset of ethylene responses con-
trolling vegetative growth and development are constitutively
expressed in the epi mutant.
Flowers from Arabidopsis plants with the inflorescence
deficient in abscission (ida) mutation are retained on the
plant even though an abscission zone has formed, and
remain attached after mature seeds are shed (Butenko et
al. 2003). The IDA gene encodes a novel protein that shows
localised tissue-specific expression in the floral abscission
zones, and IDA-like genes have been found in other species
including tomato, wheat, poplar, maize, soybean and lotus.
The authors suggest that an ethylene-independent
developmental pathway regulating flower abscission exists
and that the IDA gene is somehow involved in this pathway.
Recent work by Patterson and Bleecker (2004) has revealed
five mutants that exhibit delayed floral organ abscission in
Arabidopsis (dab1-1, dab2-1, dab3-1, dab3-2, and dab3-3).
Analysis of these mutants indicated that three independent
loci were involved, with dab2-1 being a dominant mutation
and the others being recessive. Each mutant is distinctive in
terms of the structure of the fracture plane, with some having
irregularly elongated cells, and others exhibiting delayed
development. Breakstrength, the force required to remove an
organ from the main body of the plant, was significantly
increased compared to the wild-type plants. Interestingly,
although the known ethylene-insensitive mutants etr1-1 and
ein2-1 also exhibited delayed flower abscission, they
nevertheless showed similar breakstrengths to the wild-type
plants. When exposed to ethylene, flower abscission was
accelerated in all dab mutants, indicating that floral organ
abscission can be controlled independently of ethylene
(Patterson and Bleecker 2004).
Where To From Here?
While our understanding in the field of abscission has grown
in leaps and bounds over the last decade and a half, there
are still many vague areas and gaps in our knowledge. In
our research we must never lose sight of the bigger picture:
we should not study a single process in isolation, but
consider the whole plant and extract its secrets one by one,
and integrate the facts into a complete portrait of under-
standing. Despite the widespread and increasing use of
Arabidopsis as a model for abscission, it is not the ideal
subject, and while mapping the entire process in this plant
will yield valuable insight into abscission, our goal should not
be restrictive in its focus. Without a constant supply of energy,
plants cannot maintain carbohydrate- and water-intensive
floral structures, and when demand outstrips supply, absci-
ssion must occur. When we start understanding plant growth
and development in terms of producing, allocating, utilising
and storing energy, then we really discover.
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